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ABSTRACT

We show that multiple transverse mode dynamics of VC-

SELs can be utilized to generate ultrafast intensity modu-

lation at a frequency over 100 GHz, much higher than the

relaxation oscillation frequency. Such multimode beating

can be greatly enhanced by taking laser output from part

of the output facet.

High frequency modulation of semiconductor

lasers is important for quite a number of ap-

plications in optical communications, and in

microwave photonics) -3 Due to the long car-

rier recombination time in typical semiconduc-

tors used for optoelectronic applications, di-

rect modulation beyond 10 GHz seems to be

quite difficult. On the other hand, ultrafast
semiconductor sources for narrow band modu-

lation based on a Q-switching type of technique

or multi-longitudinal mode-lockings have been

realized in edge-emitting lasers (EELs) with

multi-section design. Such methods have pro-

duced high modulation bandwidth beyond the

limit achievable by direct current modulation.

Due to the complex multi-section design, such

techniques are difficult to be reproduced for a

typical VCSEL configuration. Since VCSELs

have many intrinsic advantages over edge emit-

ters, such as easy 2D realization and less diver-

gent and circular beam shapes, high frequency

modulation of VCSELs is of clear importance.

Vertical-cavity surface emitting lasers are

known to operate in multiple transverse modes

even at a moderate pumping level. 4'5 However,

when the total output is collected and used,

the multimode beating signals will diminish

due to spatial averaging. This is especially

true for strongly index guided VCSELs, such
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Figure 1. Time evolution (a) of the laser intensity inte-

grated over the entire device output facet (dashed line) and

over half of the output facet (solid line). Figure (b) repre-

sents the corresponding Fourier spectra. The device is gain

and index-guided with a diameter of 10 ttm and operated

slighlt abover threshold under DC pumping.

as oxide-confined devices where spatial aver-

ages completely wipe out the mode beating sig-

nal. 5 In this paper, we make a detailed study

of strongly index-guided VCSELs and compare

the spectral response of the total near field
with that of near-field collected from half of

the output facet. We show that a strong spec-

tral response at the mode beating frequency

appears for the partial near field, while no re-

sponse at this frequency for the total near-field

shows up. We suggest the use of this scheme

to generate high frequency modulated VCSEL

sources for narrow band applications.

To demonstrate the suggested scheme, we
conducted a detailed numerical simulation.

The model has been described in our recent

paper. 5 The essence of the model is solv-

ing a set of partial differential equations for



complex laser field amplitude, optical polar-
ization, and carrier density in the spaceand
time domain without assuming the number
and type of transversemodes. We also take
into account the modal frequencydependence
of the optical gain, so that different transverse
modeshave slightly different gain depending
on their spectral positions in the gain spec-
trum. Sincea direct space-timedomain finite-
differencemethod is used, the simulation al-
lows easyspecificationof sizeand shapeof the
active regionaswell as index-guidingstrength
and size. In the following simulation, we use
a one-wavelengthcavity for a 980nm VCSEL.
We choosetwo devicesizesfor both gain and
index guidings. An effectiveindex step of 0.05
waschosento representthe index guiding in a
typical oxideconfinedVCSEL.

Figure l(a) shows temporal waveformsfor
the total output intensity (dashedline) and for
the intensity collectedfrom half of the output
facet (solid line). The laser hasa diameter of
t0 micrometers. We seeclearly that there is
no appreciablevariation of the total intensity
on the time scaleshownin the figure. But the
solid line showsa very regularoscillation at a
frequency around 70 GHz. The variation in
the amplitude on this time scale arisesfrom
a slowerchange related to the relaxation os-
cillation. In figure l(b) we show the corre-

sponding power spectra for the total output

(dashed line) and for the partial output with

half of output aperture (solid line). The much

stronger response around 70 GHz is related to

the mode beating giving rise to the periodic

waveform shown in Fig.l(a), while the lower

frequency features within 10 GHz are related

to the relaxation oscillation. To increase the

modulation frequency, we decrease the device
size to 7.5 micrometers in diameter. The cor-

responding firgures are shown in Fig.2, where

we see that a modulation frequency of 130GHz
is achieved.

In summary, we have studied multiple trans-
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Figure 2. Time evolution (b) of the laser intensity inte-

grated over half of the output facet. Figure (a) represents

the windowed-Fourier transform of the time series in dif-

ferent evolution stages (time windows) to reveal spectrum

features in different time windows. Device parameters and

operating conditions are the same as in Fig. 1

verse mode behavior in an index guided VC-

SEL. We compared the total output and the

partial output from half of the output facet

with respect to their temporal waveform and

spectral responses. The partial output carries

a strong multiple mode beating signal and can

be used for applications that require ultrafast
narrow band modulation. We also studied the

effects of an AC modulation on the dynamic re-

sponse of VCSELs. The result for smaller de-

vices with higher modulation frequencies will

also be presented.
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